o C were applied to the spark plasma sintering process with the same holding times, heating rates and compaction pressure of 30 MPa. The relative density was measured simultaneously with spark plasma sintering and the convergent relative density after cooling was found to be proportional to the holding temperature. The full relative density was obtained at 900 o C and the total sintering time was only 33.3 min, which was much less than the conventional furnace sintering method. The higher holding temperature also led to the higher saturation magnetic moment (σ s ) and the higher coercivity (H c ) in the vibrating sample magnetometer measurement. The saturation magnetic moment (σ s ) and the coercivity (H c ) obtained at 900 o C were 56.3 emu/g and 541.5 Oe for each.
Introduction
Barium ferrite (BaFe12O19, BaM) is a hard-magnetic material, with a high coercive field and a high remnant magnetization. The crystal structure of BaM is the magneto plumbite type (M-type), which is the simplest crystal structure of hexaferrites. BaM has been widely used for high-frequency microwave devices due to its strong magnetic anisotropy and relatively low microwave losses. For the processing of BaM powder, spark plasma sintering (SPS) can be one of the efficient method with its high speed and high reproducibility. The SPS use the pulse energy and spark impact pressure generating the high frequency and high temperature field to heat the components. This sintering process has very high thermal efficiency and may finish the thermal transmission process for an instant by uniform self-heat and surface activation of powder particles due to the effect of spark plasma generated momentarily. Therefore, it is one of the best candidate to consolidate the powder under relatively low temperature in a short time and prevent the overgrowth of individual grains. In the present study, the BaM powder was sintered by SPS process method to investigate the temperature effect of SPS under same pressure and holding time. The magnetic properties of sintered parts with each SPS temperature were measured by the vibrating sample magnetometer (VSM).
Experimental
A commercial BaM nano power with irregular shape was used in this study. Its particle size distribution was measured by the laser diffraction particle size analysis method. The powder was consolidated by SPS process under three different holding temperatures, 850°C, 875 o C and 900 o C. For each temperature, the compaction pressure was 30 MPa, the heating ratio was 1.8°C/s, and the holding time was set as 700 s. A dilatometer was set within the SPS chamber to record the shrinkage rate of the sintered parts through the sintering process. After Fig. 1 showed morphology of BaM powders, and they had irregular shape with nano size. The particle size distribution showed normal distribution with the D50 size of 75 nm as shown in Fig. 2 . . This density increased more during cooling stage and the final relative density was 0.82 g/ cm
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, which was similar with the Archimedes density. Fig. 5 showed the relative density of 900 o C. Similar sintering behavior was found on the initial stage of SPS before the temperature reached the holding time 900 o C. However the relative density showed temporally constant region from 700 s to the end of holding time. The relative density was 0.85 g/cm 3 at the end of holding time, and increased further to reach the full density at While the process time was much less than the conventional furnace sintering method, the saturation magnetic moment (σ s ) and the coercivity (H c ), obtained in this research, were less than that of the BaM magnet made by conventional furnace sintering method, which are 65-70 emu/g and 6.5 kOe. BaM magnet usually exerts the maximum magnetic properties with the grain size of 400 nm, which is the single magnetic domain size. In this study, the obtained grain size was near to 900 nm, which is almost double to the single magnetic domain size. This different grain size might have caused the relatively low magnetic moment and coercivity. The grain size control with the proper processing condition seems to be critical in this process of BaM magnet with SPS method. For the future work, regarding this magnetic performance issue, the grain size control with the different particle size, SPS temperature, and compaction pressure will be investigated in depth to obtain the maximum magnetic moment and coercivity by SPS method.
Conclusion
The temperature effects on the relative density, the saturation magnetic moment, and the coercivity were studied for the SPS process of BaM nano powder. Higher temperature led to higher relative density, higher magnetic moment and coercivity. Through the SPS process, the full density of BaM nano powder was obtained at 900 o C under the pressure of 30 MPa, the heating rate of 1.8 o C/s, and the holding time of 700 s. At this full density condition, the saturation magnetic moment (σ s ) was 56.3 emu/g and the coercivity was 541.5 Oe. For future work, we may see the improvement of these magnetic properties by controlling the grain size with processing controls.
